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This r e p o r t  w i l l  cover  t h e  work performed from 1 January 1367 

through 30 June 1.967 on Grant NsC-458 between The Un ive r s i ty  of Arizona and 

the  h‘ational Aeronaut ics  and Space Adminis t ra t ion.  

This  c o n t r a c t  was set  up t o  suppor t  t h e  development of new types  

of dc t cc toL*s  f o r  a n a l y s i s  of p lane tary  <-tivxphercs.  I n i t i a l l y  t h e  i n t e r e s t  

was i n  d e t e c t o r s  f o r  use under p a r t i a l  vacuum c o n d i t i o n s ;  r ecen t ly ,  the  

program has  been extended t o  inc lude  d e t e c t o r s  f o r  u s e  a t  one atmosphere. 

Results to d a t e  have included d e t e c t o r s  f o r  02, H2 and CO under 

p a r t i a l  vacuum cond i t ions ,  (see References Section). Nore recently, detcc-  

t o r s  f o r  ii? and CO i n  a i r ,  a t  atmospheric p re s su re ,  have been reported.  

Recently s t u d i e s  have been made on new d e t e c t o r s  f o r  oxygen and 

ammonia. Resu l t s  i n d i c a t e  t h a t  oxygen may be d e t e c t e d  a t  l e v e l s  near  500 ppn. 

The ammonia d e t e c t o r  has adequate  s e n s i t i v i t y  a t  100 ppm. 

Arrangements f o r  commercial p roduct ion  of t h e  carbon monoxide de- 

t e c t o r  have been nlade. Pre-production designs are be ing  t e s t e d  and a p o r t a b l e  

model f o r  f i e l d  s t u d i e s  i s  i n  t h e  planning phase. 



Alpha Brass  and Ammonia 

The study of t h e  r e a c t i o n  between a lpha  b r a s s  and ammonia has  

procreased  and Hr. Anderson has decided t o  cont inue  t h i s  work i n  t h e  

l abora to ry  as a t h e s i s  f o r  t he  H.S. degree. 

The a lpha  b r a s s  ammonia r e a c t i o n  i s  a very  c h a r a c t e r i s t i c  example 

02 stress co r ros ion .  A normally d u c t i l e  ma te r i a l ,  a lpha  b r a s s  t u r n s  b r i t -  

t l e  and f r a c t u r e s  when exposed t o  one s p e c i f i c  gas, ammonia. 

The r e a c t i o n  o f f e r s  the experimenter an oppor tun i ty  t o  s tudy  a 

c l a s s i c a l  ca se  of s t r e s s  co r ros ion  with t h e  hope of uadcrs tanding  t h e  b a s i c  

mechanism. Concurrent ly  i t  may be poss ib l e  t o  use t h e  r e a c t i o n  as a s p e c i f i c  

d e t e c t o r  f o r  ammonia. Anmnia i s  an  important  c o n s t i t u e n t  of t he  atmospheres 

of t he  g i a n t  p l ane t s ,  where unmanned instrumented probes w i l l  almost c e r t a i n l y  

be used f o r  most i n v e s t i g a t i o n s .  There a r e  o t h e r  m i l i t a r y  and l i f e  d e t e c t i o n  

a p p l i c a t i o n s  f o r  an  ammonia d e t e c t o r ;  

i n v e s t i g a t i o n  of  t h e  fundamental processes  of stress co r ros ion .  

here ,  w e  s h a l l  be concerned wi th  t h e  

The la tes t  experimental  set up is shown i n  F i g .  1. s p e c i a l  ground- 

i n g  r i n g s  and an i on  s h i e l d  have been  i n s t a l l e d ;  t h e  f i r s t  t o  prevent  any 

s u r f a c e  leakage c u r r e n t  from the  b r a s s  wire t o  the  c o l l e c t o r ,  t h e  second t o  

a l low t h e  experimenter  t o  remove any ions  genera ted  i n  the  a i r  humid i f i e r  

before  they can  e n t e r  t h e  c o l l e c t o r .  

For opcra t io i i  c o n t r o l l e d  and liumidif ied  gas mixtures  are passed 

through the system whi le  va r ious  vo l t ages  are app l i ed  between t h e  b r a s s  wire 

and t h e  c o l l e c t o r .  The p o s i t i v e  ion  c u r r e n t  t o  the c o l l e c t o r  is nteasurctl by 

a Sewlct t -Packard 425A am,1eter an.1 a iieath r eco rde r .  



The f i r s t  experiments  w i th  NIi3 and iiioist a i r  i n d i c a t e d  t h s t  a 

small p o s i t i v e  ion  c u r r e n t  t o  t h e  c o l l e c t o r  i s  independent of t h e  presence 

of a lpha  b r a s s  i n  t h e  system. iIe take t h i s  c u r r e n t  t o  be due t o  t h e  normal 

d i s s o c i a t i o n  of N H 3  i n  the gas phase;  i n  a l l  l a te r  experiments,  t h i s  sillall 

c u r r e n t  was t aken  i n t o  account i n  eva lua t ing  t h e  r e s u l t s .  

I n  t h e  next  experiments t h e  ion  c u r r e n t  v s .  time curves  were ob- 

se rved  as a f u n c t i o n  of hH3 concen t r a t ion  a t  cons t an t  c o l l c c t o r  vo l t age .  

The r e s u l t s  are shown i n  F ig .  2 ;  i n  each case ,  t h e r e  i s  a r a p i d  r i s e  i n  

c u r r e n t  followed by a p la teau ,  t h e  t r a n s i t i o n  occur r ing  a t  s h o r t e r  t i m e s  

w i t h  lower concentrat i .ons of N H 3 .  

To r e t u r n  t o  the  d a t a  of F i g .  ?, we sugges t  t h a t  t h e  ion  c u r r e n t  

is due t o  a stress co r ros ion  r e a c t i o n  i n  which an adherent  and p r o t e c t i v e  

f i l m  forms on t h e  a lpha  b r a s s  and slows down t h e  ra te  of migra t ion  of Zn U 

ions  t o  the  su r face  and thus  t o  the gas phase. 

There i s  no ques t ion  t h a t  an a c t u a l  migra t ion  of z inc  occur s  from 

t h e  b r a s s  wire t o  t h c  p o s i t i v e  c o l l e c t o r .  This  i s  not  t oo  s u r p r i s i n g  be-  

cause l i q u i d  phase SCC i s  known t o  involve the  l o s s  of z i n c  from a lpha  brass 

l eav ing  behind a spongy, b r i t t l e  ma te r i a l .  Our work i s  t h e  f i r s t  t o  r e p o r t  

a similar process  i n  gas phase SCC. 

As f u r t h e r  proof of t h i s  ciigratiun, a s e c t i o n  of t he  s t a i n l e s s  

s teel  c o l l e c t o r  was analyzed by x-ray techniques  and d e f i n i t e  z inc  l i n e s  

were observed.  Since the  s t a i n l e s s  s t e e l  showed no evidence of ziric be fo re  

Ge should note  t!iat i n  Fig.  2 and  i n  a l l  subsequent f i g u r e s  t h e  c u r r e n t s  
have been n o m l i z c d  wi th  r e s p e c t  t o  Io, t he  currcr i t  be fo re  amnonia i s  ad- 
m i t t e d  to t h e  t es t  system. This I, i s  sonrwhat dependent upon t h e  f low ra te  
and mois ture  concent of a i r  f lowing thruugh t h e  system. The a c t u a l  va lue  of 
I, - io-11 - 10-1' amps is e c n e r a l l y  coristanr i n  a given experiment and 
d i v i d i n g  t h e  s i g n a l  by Io g ives  t h e  r e s u l t s  i n  a n a t u r a l  s igna l - to-noise-  
r a t i o  form. 
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t h e  experimenc, t h i s  clay then be taken as  d e f i n i t e  evidence of z i n c  i o n  

migrat ion.  A subsequent experiment with a conduct ive g l a s s  c o l l e c t o r  

y i e l d e d  t h e  same r e s u l t s .  

Unfortunately,  the technique i s  not  q u a n t i t a t i v e  and as y e t  we 

have n o t  been a b l e  t o  measure the wei.ght of depos i t ed  z inc  t o  compare i t  

w i t h  t h e  t i m e  i n t e g r a l  OF t h e  ion  c u r r e n t  (Faradays experiment) .  The 

d i f f i c u l t y  invo lves  experimental ly  weighing t h e  c o l l e c t o r  t o  w i t h i n  less 

than g which i s  a r a t h e r  d i f f i c u l t  t a s k  wi thou t  s p e c i a l  a p p a r a t u s  and 

s k i l l s .  

On the  q u e s t i o n  of z inc  a i g r a t i o n  we f e e l  q u i t e  c e r t a i n  t h a t  it 

occur s  b u t  no t  n e c e s s a r i l y  as Zn*. 

and i n  the  gas  phase t h e  migratory ion might w e l l  be Ln(NH3)4*. One of 

the  o b j e c t i v e s  of Pk. Anderson's M.S. t h e s i s  w i l l  be t he  a n a l y s i s  of t h e  

ion  complex emi t t ed  by a lpha  b r a s s  when contacted by moist NH3. The JPL 

mass spectrometer  program (d i scussed  elsewhere i n  t h i s  r e p o r t )  w i l l  pro- 

Zinc forms i on  complexes q u i t e  e a s i l y  

v i d e  a s u i t a b l e  instrument  f o r  t h i s  experiment. 

To r e t u r n  a g a i n  t o  t h e  quest ion of t h e  p r o t e c t i v e  f i lm ,  we no te  

from Fig. 2 t h a t  a t  low NH3 concen t r a t ions  the p r o t e c t i v e  film forms ve ry  

quickly,  and t h e  ion  c u r r e n t  i s  then c o n s t a n t  w i t h  time. ;;e suggest  t h a t  

a t  low NN3 c o n c e n t r a t i o n s  the f i l m  which forms i s  r e l a t i v e l y  d e f e c t  f r e e  

and i s  t h e r e f o r e  e f f e c t i v e  i s  r e s t r i c t i n g  i o n i c  motion. A t  h igher  i~H3 

c o n c e n t r a t i o n s  t h e  f i l m  has a g r e a t e r  nunher of d e f e c t s  and must become 

nluch t h i c k e r  be fo re  i t  begins  t o  l i m i t  t he  flow of ions from t h e  alpha 

b r a s s  t u  tile gas  phase. 

T h i s  exp lana t ion  of corrosion a s  a d e f e c t  c o n t r o l l e d  mig ra t ion  

( 1 )  of i o n s  i s  t h e  one g e n e r a l l y  given i n  c o r r o s i o n  s t u d i e s  . I n  t h i s  case 
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i t  i s  i n  q u a l i t a t i v e  agreement w i t h  our d a t a .  n s  ano the r  example, a t  much 

h ighe r  NH3/air r a t i o s  (not shown i n  Fig. 2 ) ,  t he  f i l m  th,it forms on alphd 

b r a s s  i s  rouzh, d i s c o l o r e d  and non-adherent. The p l a t e a u  phenomena shown 

i n  Fig.  f i s  never observed, t h e  ion  c u r r e u t  i n c r e a s e s  u n t i l  t he  wire  i s  

destroyed.  This  sugges t s  t h a t  such f i lms  a r e  so d c f e c t i v e  t h a t  they p r e s e n t  

no e f f e c t i v e  b a r r i e r  t o  ion  migrat ion.  

To f u r t h e r  i n v e s t i g a t e  t h i s  d e f e c t  f i l m  theory the next  s c t  of 

experi t tents  involved o p e r a t i n g  thc  system a t  a c o n s t a n t  NH3/air r a t i o ,  b u t  

w i t h  s u c c e s s i v e l y  l a r g e r  p o t e n t i a l s  between the  brass wire and t h e  c o l l e c t o r .  

The r e s u l t s  are shown i n  F ig .3 ;  

p r o t e c t i v e  f i l m  norrrially forms a f t e r  about 5 minutes of exposure.  However, 

i n  t h i s  case,  t h e  h ighe r  wire t o  c o l l e c t o r  v o l t a g e s  produce an  inc reased  

s l o p e  i n  t h e  0-5 min. pe r iod  and a c u r r e n t  which i s  l a r g e r  t han  t h a t  observed 

w i t h  a lower a c c e l e r a t i n g  vo l t age .  

he re  we a r e  a t  an iW3/air  r a t i o  where a 

Following our  earlier suggest ion t h a t  t he  c o r r o s i o n  p rocess  w a s  

c o n t r o l l e d  by d i f f u s i o n  through t h e  oxide l a y e r  on t h e  b r a s s ,  t h e  d a t a  of 

Fig.  3 nay be  explained a s  the e f f e c t  of t h e  a p p l i e d  v o l t a g e  on t h e  ra te  of 

i o n i c  d i f f u s i o n  i n  the  oxide l a y e r .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  going 

from 180 v o l t s  t o  650 v o l t s  changes t h e  i o n  c u r r e n t  by less than a f a c t o r  of 

3 .  

by the  d e f e c t  n a t u r e  of t he  f i l m  than the  app l i ed  e l e c t r i c  f i e l d  . 
T h i s  i s  a t y p i c a l  example of a case where the  i o n  motion i s  governed more 

(2 )  

The i n c r e a s e  i n  ion  c u r r e n t  froni 183 v o l t s  t o  630 vults was coupled 

wi th  a change i n  c o l o r  and appearance of t h e  oxide l a y e r  on the b ra s s .  The 

oxide was d e f i n i t e l y  da rke r  i n  c u r r e n t  a t  GGO v o l t s  t h a n  a t  thc lower voltay,cs.  

This may be due t o  ions ga in ing  enough energy from tiic e l e c t r i c  f i e l d  t o  c r c -  

a t e  d e f e c t s  o r  t o  an a c t u a l  change i n  oxide  coiriposition w i t h  e l e c t r i c  f i e l t l  . ( 4 )  
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Both e f f e c t s  have been observed in anodic o x i d a t i o n  and this ( 2  1 

q u e s t i o n  i s  one t h a t  we hope t o  explore i n  t h e  f u t u r c .  'I'hc ox ide  produccc.: 

i n  h i g h  e l e c t r i c  f i e l d s  i s  o f t e n  somewhat rougher than  t h a t  produced a t  ze ro  

f i e l d  and m y  be less p r o t e c t i v e  against  f u r t h e r  c o r r o s i o n .  Examples of t h i s  

are o f t e n  seen a t  e l e c t r i c  c o n t a c t s  or connect ions c a r r y i n g  D.C. c u r r e n t ,  

c o r r o s i o n  i s  much more seve re  a t  these p o i n t s .  

The next  experiment was designed t o  determine i f  t h e  c o r r o s i o n  

e f f e c t  w a s  e n t i r e l y  a s u r f a c e  phenomenon o r  i f  t h e  a c t u a l  b u l k  s t r u c t u r e  of 

t h e  m e t a l  was changed by exposure t o  moist i H 3 .  

men was run a t  a c o n s t a n t  i\lH3/air r a t i o  f o r  some 1 2  minutes, t hen  removed 

from the sys tem,  c l eaned  w i t h  f i n e  sandpapcr, and run  aga in .  The r e s u l t s  

showed q u i t e  c l e a r l y  t h a t  t h e  e f f e c t  i s  a s u r f a c e  phenomenon w i t h  no apprec- 

i a b l e  change occur r ing  i n  t h e  bu lk  metal i t s e l f .  Th i s  i s  i n  agreement w i t h  

t h e  u s u a l  theory o f  a lpha  b r a s s  stress co r ros ion ,  a t  least  i n  t h e  L i m i t  of 

( 3 )  low Mi3/air  concen t r a t ions  . 

For t h i s  purpose a spec i -  

The next  experiment was designed t o  determine i f  oxygen i s  a 

necessary requirement f o r  t he  observed s t r e s s  c o r r o s i o n  r e a c t i o n .  !de have 

t a c i t l y  assumed t h i s  by t a l k i n g  about an "oxide" l a y e r  on t h e  b r a s s ;  however, 

no d a t a  on t h i s  p o i n t  seems t o  be a v a i l a b l e  . ( 3 )  

For t h i s  experiment t he  moist a i r ,  normally used as o d i l u t e n t  f o r  

t h e  amnonia, was replaced by u l t r a  pure n i t r o g e n  ( > 2 ppm 02). I n  a 40 

minute run, t h e r e  was no evidence o€ any ion c u r r e n t  o r  s t r e s s  c o r r o s i o n  

r e a c t i o n .  A s i m i l a r  r e s u l t  was observed with argon, whereas t h e  use of 

moist  oxygen and a m n i a  led t o  a very r a p i d  stress c o r r o s i o n  r e a c t i o n  and 

n l.?rge ion  c u r r e n t .  we conclude t h a t  oxygen is  indeed r e q u i r e d  f o r  a t  

l c a s t  some s t e p  i n  the arimonia-alpha brass r e a c t i o n .  
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k s  a check on t h e  s p e c i f i c  n a t u r e  02 t he  r e a c t i o n ,  the  ammonia 

was replaced s u c c e s s i v e l y  by X;:, 02, CO, CC2, A, Freor?, artd c i t y  eas 

(iiierhane). I n  no case was any pos i t i vn  ion  c c r r c n c  observed. Tkii:; i s  i n  

agreement w i t h  Ref. ( 1 , 3 )  which suggest tiiat a lpha  b r a s s  s t ress  corrosion 

i s  s p e c i f i c  t o  a m o n i a  o r  amrr:onia c o ~ p o u i ~ d s ,  

This  concludes our d i s c u s s i o n  of p a s t  expcriments;  we know t h a t  

oxygen i s  necessary f o r  t he  r e a c t i o n ,  t h a t  the r c a c t i l > n  i s  p r o p o r t i o n a t e  

t o  t h e  NI3 concen t r a t ion ,  t h a t  t h e  presence of water vapor speeds up t h e  

r e a c t i o n ,  and t h a t  t h e  r a t e  nay b e  c o n t r o l l e d  by c s t e r n a l l y  a p p l i e d  e l e c t r i c  

f i e  Ids .  

de s t i l l  do no t  know t h e  mechanism of t h e  r e a c t i o n ,  the  composi t ion 

of t h e  oxide f i l m  o r  t h e  exact na tu re  of t he  z inc - ion  complex a s  i t  nioves 

from t h e  b r a s s  t o  the c o l l e c t o r .  

Future  P l a n s  

A t  t h e  iaonient a n  experiment is underway t o  observ? the  e f f e c t  of 

u l t r a v i o l e t  l i y t i t  (L1.) on chc X C  process .  :W iniskt b e  (Xxpectecl t o  c t ange  

t h e  p rocess  s i n c e  o t h e r  o x i d a t i o n  experiment:; (.:ef. ) have i n d i c a t e d  t h a t  

oxide layers grown under UV have a r e l a t i v e l y  d e f e c t  f r e e  s t r u c t u r e  and a r e  

more e f f e c t i v e  i n  reducing ion migrat ion than l a y e r s  grown wi thout  I'V exposure.  

The f i r s t  experiments seem t o  i n d i c a t e  t h a t  l iV l igli t  does slow down 

t h e  brass-anmonia r e a c t i o n  and i n h i b i t  stress c o r r o s i o n .  Th i s  may have some 

commercial o r  m i l i t a r y  a p p l i c a t i o n s  b u t  we are no t  y e t  ready t o  r e p o r t  t h i s  

i n  d e t a i l .  

cither planric3 expcrirnents will inc lude  a n  e l e c t r o n  microprobe of 

t h e  o x i d e  l a y e r  t o  d e t e m i n e  i t s  s t r u c t u r e  a n :  f0riCul.a. v y e  a l s o  p l a n  on an  

cxpcricicnt u s ing  a nias~. spectromctcr  t o  1i:easurc t h e  e/m r a t i o  f o r  t i i t  i o n s  
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ernit ted by  tire b r a s s  when exposed t o  aunnonia. This w i l l  b e  p a r t  of i?r. 

i n d c r  son ' s M. S . t h e  s i s  . 
Appl ica t ion  of t h i s  r e a c t i o n  between amionia and b r a s s  as ;? de- 

t e c t o r  f o r  amnonia i s  a n a t u r a l  outgrowth of this re sea rch .  Using t h e  

h i g h e r  a c c e l e r a t i n g  v o l t a g e  d a t a  shown i n  F ig .  3 w e  can expect t o  be a b l e  

t o  d e t e c t  a s  l i t t l e  as 0.01 pe rcen t  = 100 ppm by volume. Th i s  i s  about  

t h e  lower l i m i t  of human s e n s i t i v i t y  (Ref. 5 )  and obvious a p p l i c a t i o n s  

ex i s t  i n  m i l i t a r y  areas ( f o r  d e t e c t i o n  of people) ,  i n  p u b l i c  h e a l t h  ( for  

d e t e c t i o n  of r e s i d u a l  KIJ.3 i n  p u r i f i e d  sewage intended f o r  r euse ,  and i n  

p l a n e t a r y  and l i f e  d e t e c t i o n  experiments.  

The e v a l u a t i o n  and u l t i m a t e  a p p l i c a t i o n  of o u r  r e s e a r c h  w i l l  be  

t h e  r e s p o n s i b i l i t y  of o t h e r  o rgan iza t ions ,  and our arrangements f o r  t h i s  

w i l l  be d i scussed  elsewhere i n  t h i s  r epor t .  Here we only i n d i c a t e  t h a t  

wh i l e  o u r  major e f f o r t  is i n  research on s u r f a c e  phenor:enna, t he  u l t i m a t e  

j u s t i f i c a t i o n  for t h e  e x i s t e n c e  of engineer ing r e s e a r c h  i s  t h e  u s e f u l  re- 

s u l t s  o r  dev ices  t h a t  evcntuaI  l y  appear. 

Detect-ion L)f Hydrogen o r  Carbon >kL"P_xide by Means of t he  P o s i t i v e  
Ioii Cur ren t  from Iiot: I'al1adiu:n 
- ---- 
----I-.--- __- 

I n  previous r c p o r t s  w e  lmve d i scussed  the  development of a new 

type of d e t e c t o r  for HI and/or CU. p u b l i c a t i o n  r e p o r t i n g  t h i s  work has  

appeared (see P u b l i c a t i o n s  Sect ion)  and arrangements f o r  f u r t h e r  develop- 

inental work and product ion hove bccn made w i t h  the  Jurr-Brown Company of 

TuL son, Arizona, 

' I~Ic  Arizona 11 gliwsy L a t r o l ,  t h e  ti. 5. ~ ' u b l i c  :i:.altli .>ervicc and 

s e v e r a l  mil i tary a s e n c i e s  have expres sed  in t re res t  i n  t h e  CCJ d e t e c t o r .  

Gurr-Brown has begun dcve l o p w n t  ~f a d e n o n s t r a t i o n  rnorlz 1 0: t h c  device and 



I; 

w i l l  s o l i c i t  c o n t r a c t u a l  support  f r o n  i n t e r e s t e d  o rgan iza t ions .  k roPcssor  

!!oenig w i l l  s e r v e  as  a consu l t an t  on t h i s  program b u t  t h e  a c t u a l  c o n t r a c t  

mansgernent: w i l l  be done by Burr-Brown. 

de f e e l  t h a t  Chis i s  a va luable  arrangement; commerical develop- 

niciit is  a u n i v e r s i t y  functicin a n d  Burr-l<rown i s  experienced i r i  t h i s  type 

of work ( they  manufacture e l e c t r o n i c  a p p a r a t u s ) .  

a very  p r a c t i c a l  example of u s e f u l  " f a l l o u t "  from the Space I'rogram, wi th  

s i g n i f i c a n t  I u b l i c  Ifcalth and s a f e t y  a p p l i c a t i o n s .  

This  development r e p r e s e n t s  

Lie expect  t o  cont inue  the  i i w e s t i g a t i o n  of t he  phenomena i t s e l f  

s i n c e  the  mechanism is  s t i l l  n o t  c l e a r .  i ' a r t  of t h i s  i n v e s t i g a t i o n  has  beell 

underway and has a l r eady  y i e lded  results th-l t  a r e  of i n t e r e s t  t o  t he  semi- 

conductor  i ndus t ry .  A s h o r t  L e t t e r  t o  the  e d i t o r  bas been w r i t t e n  which i s  

reproduced a s  an  Appendix t o  this r epor t .  The le t ter  has  b e e n  submit ted 

f o r  p u b l i c a t i o n  i n  t h e  Jou rna l  of Vacuum Science and Technology. 

Chemisorption of Oxygen on i n 0  

The s t u d i e s  of chemisorption of 02 on LnO hnve cont inued arid we 

have been a b l e  t o  o b t a i n  solac d a t a  on t h e  hole  trap s t r u c t u r e  of ZnO l a y e r s .  

T h i s  work was done Ly Ilr. 1";. Lainhart  f o r  an unAcrp-aJuate r e sea rch  p r o j e c t .  

Fir. La inhar t  graduated i n  June 19G7 and kr. John Lane has taken up the  ZnO 

s t u d i e s  f o r  h i s  N.S. t h e s i s .  IZe w i l l  be a b l e  t v  put  i n  more time than Ik. 

La inha r t  and we hope t o  sce the work proz res s  more r a p i d l y .  

To quick ly  revipw the  p a s t  r e su l t s  we s h a l l  r epea t  p a r t  of t he  

las t  r e p o r t .  

The tes t  system ope ra t e s  a t  room temperature  and i s  shown i n  

Fig.  4 .  The U l t r a v i o l e t  Jourcc i s  a ! w r c u r y  d i scharge  l acg  nzinufacttircd 

by Ul t r a -Vio le t  Products,  Iuc.  of .;an Gabr ie l ,  C a l i f o r n i a .  Power corisurription 



9 

i s  low (7  watts or less  wi th  proper  d e s i y n )  and e f f i c i e n c y  i s  h igh  since 

much of t h e  r a d i a t i o n  i s  i n  t he  u l t r a v i o l e t  ( t h e  band gap of ZnO i s  rtbolit 

3 . 2  e v ) .  

The i n 0  i s  produced b y  evapora t ing  Ln on to  1'' r: 3" microscope 

The s l ides  are oxid ized  a t  500 C 

E l e c t r i c a l  c o n t a c t  i s  made by mcans 

0 s l i d e s  t o  a t h i ckness  of about  50008. 

i n  oxygen f o r  seven o r  e i g h t  hours. 

of p la t inum s t r i p s  p r e - f i r e d  on t h e  s l i d e  o r  w i t h  s i l ve r  p a i n t .  This  LnC- 

on-g lass  system i s  q u i t e  stable,  some specimens have been i n  use  f o r  f o u r  

months wi th  no d e t e c t a 5 l e  change i n  c h a r a c t e r i s t i c s .  

Gpera t ion  is s t ra ight forward ,  the u l t r a v i o l e t  source  i s  l e f t  on 

a t  a l l  times and t h e  gas f l o v  t o  t h e  system is  cyc led  from a s tandard ,  i .e . ,  

pure  ( b o t t l e d )  N:, t o  t h e  02/N2 mixture under i n v e s t i g a t i o n .  The c o n d u c t i v i t y  

of t he  specimen is  monitored by means of a v o l t a g e  source  (1.4 -? d r y  c e l l )  

and a Hewlett-Packard 425 '? microammeter. ' Iyp ica l  c u r r e n t s  are about  150 

microanips; t h e  ou tpu t  of t h e  microammeter is  recorded on a l k a t h  C o .  13J~J-20 

r eco rde r .  

Before p re sen t ing  the  d a t a  we must q u i c k l y  review the  p e r t i n e n t  

p r o p e r t i e s  of ZnC. I n  t h e  da rk  and i n  t he  absence of oxygen ,.no i s  a n  n 

type semiconductor w i t h  no band bending a t  t h e  sucface .  I f  oxygen i s  ad- 

mi t t ed  t o  t h e  system, a r ap id  drop i n  %no e l e c t r i c a l  c o n d u c t i v i t y  occurs .  

This  i s  due t o  t h e  formula t ion  of 02- and/or  c'- i o n s  on t h e  s u r f a c e  of t h e  

L n O .  The oxygen comes from the  gas  phase, t h e  e l e c t r o n s  from t h c  conduct ion 

band of t h e  ZnG. 'Illis l o s s  of e l e c t r o n s  i s  p a r t i a l l y  r e s p o n s i b l e  f o r  t he  

r a p i d  d rop  i n  e l e c t r i c a l  conduc t iv i ty  w h c n  oxygen i s  adsorbcd by LnO. 'LLc 

r c m i n d e r  of t h c  drop i n  conduc t iv i ty  is  due t o  t h e  f o r c i n g  of f r e e  e l e c t r o n s  

away from t h e  v i c i n i t y  of t he  s u r f a c e  by t h e  iinmobile l a y e r  of 0:. 
- 

and 0- .  
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This  l a t t e r  e f f e c t  is  e s p e c i a l l y  important when t h e  ZnO i s  i n  t h e  form of 

a t h i n  f i l m  s i n c e  t h e  e f f e c t  of t he  immobile s u r f a c e  l a y e r  extends e n t i r e l y  

through t h e  f i lm .  This  e f f e c t  on the  band s t r u c t u r e  of t he  %nG i s  shown i n  

Fig.  5 ( t aken  froin Kef .  6 ) .  

shown by the  upward bending of t he  bands near  t h e  surface."  

The formation 01 t h e  ion ized  02-,  0- l a y e r  i s  

I n  any event  t he  dec rease  i n  c u r r e n t  c o n t i n u e s  a t  a dec reas ing  

ra te  a s  long a s  t h e r e  is oxygen p resen t .  "Fast" and ' islowO s t a t e s  may be 

d i s t i n g u i s h e d  and t h i s  w i l l  be discussed i n  more d e t a i l  l a t e r .  

I f  a t  some moment t h e  ambient oxygen i s  pumped away and the  u l t r a -  

v i o l e t  l i g h t  i s  a c t i v a t e d ,  t h e  oxygen a d s o r p t i o n  p rocess  i s  reversed and the 

e lec t r ica l  c o n d u c t i v i t y  of the  ZnO begins t o  i n c r e a s e .  T h i s  d e s o r p t L . , $ .  i . :  4- 

c e s s  i s  dependent upon c r e a t i o n  of e l e c t r o n s  and h o l e s  by t h e  i n c i d e n t  u l t r a - .  

v i o l e t  l i g h t .  The e l e c t r o n s  have r e l a t i v e l y  l i t t l e  e f f e c t  s i n c e  the ZnO is 

a l r e a d y  n type b u t  t h e  h o l e s  are drawn t o  t h e  s u r f a c e  by t h e  nega t ive  s u r f a c e  
- 

l a y e r  (due t o  02 

from t h e  adsorbed 02- and 0- ions.  

and 0-). Upon a r r i v a l  a t  t h e  s u r f a c e  they a c q u i r e  e l e c t r o n s  

The oxygen i s  desorbed as 02 and may be 

pumped away. 

Given this i n t r o d u c t i o n  w e  can d i s c u s s  t h e  r e s u l t s  of what we s h a l l  

r e f e r  t o  as Mode I ope ra t ion .  Elode I i s  intended f o r  r a p i d  d e t e c t i o n  of 

oxygen a t  p a r t i a l  oxygen r a t i o s  Vg /(Vo 

t h e  u l t r a v i o l e t  source i s  kept  on atm times d u r i n g  o p e r a t i o n .  dam up 

+ VN ) from 1 t o  In Node I 
2 2  2 

and c a l i b r a t i o n  i s  accomplished by d i r e c t i o n  of a small flow of gas of known 

oxygen concen t r a t ion ,  ( i . e . ,  tank n i t rogen)  t o  t h e  d e t e c t o r  for a f i v e  minute 

per iod.  A t  t h e  end of t h i s  time a c o n t r o l l e d  flow of O2 i s  mixed with t h c  N3 - 

* Je should mention t h a t  C o l l i n s  and T h o r ~ u s ( ~ )  have q w s t i o n e d  t h i s  
conven t iona l  i n t e r p r e t a t i o n  bu t  t o  d a t e  t h e i r  sugges t ion  has 
r e c e i v e d  Li t t le  support .  
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flow to  the  d e t e c t o r .  Til? d r o p  i n  c u r r e n t  i s  monitored far GO sec. arid 

then  t h e  oxygen flow i s  turned o f 5  while t h e  c a l i b r a t i o n  gas, ( I i 2 )  con t inues  

to flow t!lrough tlie system. The d e t e c t o r  r ecove r s  t o  i t s  base  l i n e  i n  about 

75 seconds and is then  ready f o r  use aga in .  

The d e t e c t o r  ou tpu t  is q u i t e  r e p e a t a b l e  not  only from run t o  r u n  

bu t  from week t o  week. As evidence o i  t h i s  we show Fig. 6. Figure  0 g i v e s  

the r e su l t  of twelve runs  made over a per iod of days.  Each run was ma& a t  

t h e  same volumetr ic  flow r a t i o  Vg / ( V  

of VN,,, Vg,. 

i n  t h e  d e t e c t i o n  and recovery p a r t s  of t he  run. 

4- Lru2)  = 0.5 but wi th  d i f f e r e n t  v a l u e s  
2 02 

It i s  c l e a r  t h a t  t h e  response of t he  dcv ice  is  quiLe r e p e a t a b l e  
L L 

I n  F i g .  7 w e  show t h e  response of the d e t e c t o r  a t  various v a l u e s  of 

t h e  parameter cx = V o  /(Vo 

is admit ted t o  thc system. I t  i s  c l e a r  t h a t  t h e  f i n a l  c u r r e n t  va lue  i s  

d i r e c t l y  r e l a t e d  t o  t he  p a r t i a l  volume of oxygen. 

-I- V;J ) versus thc c u r r e n t  r a t i o  a f t e r  t he  oxygen 2 2 2 

This  i s  b e s t  seen i n  Fip. 8 where wc have p l o t t e d  the  c u r r e n t  r a t i o  

a f t e r  6G seconds of exposure t o  ~2 :,iven O n / ? i 3  mixture.  
L -  

( I /10)60 v s  (r: = vo2/ (Vo* + "N2 1 

The log, l i n e a r  p l o t  i s  e f f e c t i v e l y  a s t r a i g h t  l i n e  over t h r e e  o r d e r s  of 

magnitude. 

tie have added t o  Fig. 8 sone of the new d a t a  generated du r ing  t h e  

l a s t  s i x  months. These r e s u l t s  r e p r e s e n t  pa r t  of our  e f f o r t  t o  improve 

the system a s  a p o t e n t i a l  d e t e c t o r  for  oxygen whi le  a t  the same t i n e  

g a i n i n g  more understanding of t h e  physics of the  chemisorpt ion process .  

These new r e s u l t s  extend the s e n s i t i v i t y  of t h e  2nO - oxygen sys- 

t e m  t o  an  (Y of 5 = 500 ppui. This higher  s e n s i t i v i t y  i s  an e f f e c t  of 



Io, t h e  c u r r e n t  before  

i n  Fig.  8 w i t h  curve B 

cx (i .e. ,  9 t he  

1:' 

oxygen i s  admitted.  To see t h i s  we compare curve A 

where Io was 100 times l a r g e r .  ,\t low va lues  of 

s i g n a l  t o  noisc  r a t i o  f o r  curve A is  1.4 whi le  t h a t  

of E i s  only  1.02. C lea r ly  a t  low va lues  of ( X  s l i d e  A would b c  nuch more 

s a t i s f a c t o r y  than s l i d e  E. 

Conversely, w e  would expect t h a t  a t  h igh  va lues  of a: s l i d e  A would 

s a t u r a t e  an1 t h e r e f o r e  g ive  no u s e f u l  ou tpu t .  S l i d e  EJ would be more use- 

f u l  i n  t h i s  h igh  a range. 

This  i s  an e x a ~ ~ p l e  of how the o p e r a t i o n a l  c h a r a c t e r ' s t i c s  O C  the  

system can b c  modified by c a r e f u l  con t ro l  of s l ia le  th ickness ,  g r a i n  s i z e  and 

composition. The s l i d e  which yielded curve 3 was made i n  t h e  usua l  manner 

by evapora t ion  of z inc  and slow ox ida t ion  a t  S0CoC. 

m a t e r i a l  wi th  t i g h t l y  packed g r a i n s  and a h igh  conduc t iv i ty  (high Io). 

This  y i e l d s  a z i n c  r i c h  

The s l i d e  which y ie lded  curve A wc?s made hy exposing a pyrex s l i d e  

t o  t h e  fumes of z inc  burning i n  an  oxygen r i c h  hydrogen-oxygen flame. The 

p a i n  s i z e  i s  coa r se r ,  an3 the  LnO i s  probably close t o  t h e  s tochiornetr ic  

composition. This  r e s u l t s  i n  a low conduc t iv i ty  and a high s e n s i t i v i t y  be- 

cause t h c .  oxygen can e a s i l y  e n t e r  the coa r se  s t r u c t u r e  of t h e  L:iC. 

One of our  most important o b j e c t i v e s  is tlie development of coil- 

t r o l l e d  f a b r i c a t i o n  techniques f o r  ZnG. A t  present,  t he  evapora t ion  and 

o x i d a t i o n  process  i s  not  capable o f  y i e l d i n g  samples of p r e d i c t a b l e  g r a i n  

s i z e  and th ickness .  

,.le know t h a t  t he  r a t e  of evapora t ion  of %n and t he  r a t e  of  oxida- 

t i o n  t o  i n 0  are important and one of INr. Lane's o b j e c t i v e s  w i l l  be  measure- 

ment of t hese  parameters .  

There a r c  reasons  f o r  be l i ev ing  ~ h d t  tile d e n s i t y  of hole  t r a p s  i n  

( 3 )  
LnO is  an  important parameter i n  the response of ~ n i )  t o  l i g h t  . Our f i r s t  
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experiments  on t h i s  ques t ion  w i l l  be d iscussed  Lclow; we f e c i  t lLat  there  

i s  a d i r e c t  connect ion between t h e  th ickness  and g r a i n  s i z e  o ,  the LnC 

and t h e  hole  t r a p  d c n s i t y .  It shou ld  be mentioned that r!ieasarement of ZnO 

t h i c k n e s s  and g r a i n  s l l ructure  has been a scvere  problem because uiost o p t i c a l  

i n t e r f e r e n c e  techniques r e q u i r e  a highly r e f l e c t i n g  su r face .  i t a i n i n g  mi:;k:t 

be p o s s i b l e  bu t  t h i s  would change the s l i d e  composition aiid c h a r a c t s r i s t i c s .  

To d a t e  best r e s u l t s  have been achieved with a new inaterial c a l l e d  Press-( ' -  

Film, manufactured by Testex,  Inc. of Newark, D(3 lnware  15711. For iise 

t h e  ZnO i s  produced wi th  a s t e p  equal  t o  thc  ZnO th i ckness .  The s o f t  and 

r e f l e c t i v e  Press-0-Film i s  then  pressed a g a i n s t  the ZnO to  al low i t  t o  

r e p l i c a t e  the  s t e p  contour .  Af t e r  r e p l i c a t i o n ,  the  f i l m  is  s t r i p p e d  o f f  

and examined by s tandard  i n t e r f e r e n c e  microscope techniques.  

Resu l t s  w i t h  t h i s  technique are reasonably s a t i s f a c t o r y  b u t  w e  

are s t i l l  l ea rn ing  how t o  handle  the  Press-O-Film. I f  one presses too hard, 

t he  ZnO and the  Tress-G-Fi lm a r e  ruined.  

O p t i c a l  and Thennal Phenomena i n  %no 

S tud ie s  of t h e  o p t i c a l  response of %no are a n  obvious p a r t  of the 

use of u l t r a v i o l e t  l i g h t  t o  r e c y c l e  ZnO. I n  our  ear l ie r  r e p o r t s  w e  d i scussed  

the  use  of tliermal c y c l i n g  and a t  t h i s  po in t  w e  cons ide r  both phenomena. 

Consider ing t h a t  ZnO i s  an  oxygen poor e x t r i n s i c  semiconductor, we 

can a p p r e c i a t e  t h a t  i t  i s  not  poss ib l e  t o  d i r e c t l y  c a l c u l a t e  t he  expected 

response of the  conduc t iv i ty  t o  temperature.  IIowever, t h c  work of IPIeiland , 
pg. 253, i n d i c a t e s  t h a t  his samples were e x t r i n s i c  and themaally in4uced con- 

d u c t i v i t y  changes were small between 300 E: and 700%. 

( 3 )  

0 

Our e n r l i z r  tes ts  ind icz t ed  t h a t  for a temperature  range of 300~11 

t o  GOOOK the  conduc t iv i ty  change was less  than a f a c t o r  of 7.  If our sar.iples 
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were i n t r i n s i c ,  t1.e change would ht*ve been over 1000 and we conclude t h a t  

o u r  samples are e x t r i n s i c  and t h e m a l l y .  generated charge c a r r i e r s  w i l l  have 

l i t t l e  e f f e c t  on t h e  measured cu r ren t s .  

t h a t  i f  t h e  ZriO i s  a s t r o n g l y  e x t r i n s i c  n type material, any thermally 

generated h o l e s  w i l l  qu i ck ly  recombine and h o l e s  w i l l  n o t  c o n t r i b u t e  t o  t h e  

measured conduc t iv i ty .  The thermally generated e l e c t r o n s  w i l l  make only a 

smll a d d i t i o n  t o  t h c  l a r g e  nunlber of e x t r i n s i c  e l e c t r o n s  and i n  t h e  l i m i t  

of low e l e c t r o n  m o b i l i t y  t h e  e f f e c t  of t h e  thermal  e l e c t r o n s  will be r e l a t i v e l y  

small. 

This  may b e  c l a r i f i e d  by cons ide r ing  

Turning now t o  t he  o p t i c a l  data we see i n  F ig .  3 the change i n  

c u r r e n t  w i th  time when ZnO is exposed t o  W i n  pure N2. 

shows t h e  u s u a l  f a s t  and then  slow rise normally observed. Reca l l i ng  t h a t  

t h e  band gap of ZnO i s  3 . 2  ev and tha t  t he  W source has  a q u a r t z  envelope, 

i t  i s  clear t h a t  t h e r e  is ample r a d i a t i o n  for  e x c i t a t i o n  and t r a p  emptying. 

The upper curve 

I n  t h i s  connect ion w e  might n o i e  t h a t  photons of energy 1 ev have 

a wavelength of 125002. !.le can expect thclt even t h e  b l u e  end of the  v i s i b l e  

spectrum (4000g) w i l l  have enough energy t o  e x c i t e  e l e c t r o n s  a c r o s s  t h e  band 

Gap 

This  can  be c o n t r a s t e d  w i t h  thermal photons which a t  30Ooi( have a n  

average energy of about 0.026 ev. It i s  easy t o  see why l i g h t  has nlore 

e f f e c t  on ZnO than h e a t .  

Returning t o  F ig .  9 the lower curve was ob ta ined  w i t h  a No. 8 w r a t t e n  

f i l t e r  between t h e  UV source and the ZnO. The f i l t e r  c u t s  o f f  a l l  r a d i a t i o n  

below 4500A and the  lower curve shows a long slow rise which w e  take t o  b e  

t he  einptying of ho le  and e l e c t r o n  t r aps  because 4500A Photons do 

s u f f i c i e n t  energy LO e x c i t e  e l e c t r o n s  a c r o s s  the  3 . 2  ev bar:d gay. 

0 

0 
have 
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A t  this p o i n t  w e  have given s t r o q  evidence of tIic presence of 

ho le  and e l e c t r o n  t r a p s  b u t  no i n f o r m t i o n  as to t h e  r e l a t i v e  numbers has 

bccn ob ta ined .  I f ,  however, we r e c a l l  o u r  earlier d i s c u s s i o n  of t h e  adsorp- 

t i on -deso rp t ion  p rocess  of 02 on %nO, we ciln sugges t  t h a t  0; b e  used as  a 

probe t o  nleasure t h c  hole c s n c e n t r a t i o n  i n  t h e  ZnC. 

If 0 2  i s  admit ted t o  the system the  e f f c c t  on t h e  measured ZnO 
- 

c o n d u c t i v i t y  i s  a balance between the a d s o r p t i o n  of O2 t o  02 

s o r p t i o n  of 02 

and t h e  de- 
- 

because of n e u t r a l i z a t i o n  by h o l e s .  

Using t h i s  concept t h e  dens i ty  of holes a t  any time m y  b e  measured 

by i n t r o d u c i n g  a known q u a n t i t y  of oxygen and n o t i n g  the e f f e c t .  

e f f e c t  on ZnO c o n d u c t i v i t y  t h e  fewer holes  and v i c e  versa. The r e s u l t  of 

such a n  experiment is shown i n  Fig. 10. ( F i g .  10 is a composite of s e v e r a l  

runs  and the numerical v a l u e s  arc not s t r i c t l y  comparable to Fig .  9 ) .  

The more 

To o b t a i n  t h e  d a t a  of Fig. 10, the W l i g h t  was a c t i v a t e d  and a t  

some t i m e  nea r  equ i l ib r ium (7  min.) a f i x e d  q u a n t i t y  of oxysen was admit ted.  

I f  we t a k e  t h e  r a t i o  

as  a measure of tlke e f f c c t  of th:? 0 2  on t!;c ::no, i t  i s  c l e a r  t l i a t  tile oxygen 

had more e f f e c t  on the  lower curve 3 = 1.54 than on the  upper 0 = 1 . 2 2 .  

T h i s  i n d i c a t e s  that r e l a t i v e l y  few holes  e x i s t  a t  t h i s  l a t e  ( 7  min.) time 

s i n c e  most hole t r q s  have been emptied and t h e  holes lost  b y  recombination. 

idith no f i l t e r ,  holes are c rea t ed  con t inuous ly  by r a d i a t i o n  of 
0 

h C 4000A. With the  f i l t e r  i n  place, this i s  n o t  p o s s i b l e  and t h e  oxygen is 

more e f f e c t i v e  i n  tcrms of lowering t h e  ZnCf c o n d u c t i v i t y .  
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The s i t u a t i o n  is  d i f f e r e n t  J u r i n g  t h e  f a s t  r i s e  of c a r r e n t  just 

a f t e r  :tie W i s  turned on. I n  F i g .  11 we show the  cu r ren r  time curves  w i t h  

and wi thout  t h e  wratten $8 f i l t e r  and w i t h  and without  oxygen admi t ted  a t  

0.5 min. Now the oxygen has e s s e n t i a l l y  no effecr i n d i c a t i n g  that a t  0.5 

min. t he re  a r z  ample holes  t o  desorb thc  03 as f a s t  as i t  adsorbs .  

t r u e  even wi th  t h e  f i l t e r  i n  place which i n d i c a t e s  t lmt  the holes  are p r i -  

mari ly  from t r a p s .  

This  i s  

lie f e e l  t h a t  t h i s  s tudy has demonstrated t h e  ex i s tonce  of ho le  t r a p s  

i n  ZnO and t h e i r  importance i n  the  c a r l y  " f a s t "  r i s e  i n  ZnO conduc t iv i ty .  

Future  P l a n s  

de hope t o  cont inue  the study of ZnO with t he  hope of l e a r n i n g  more 

about  the phys ics  of chemisorpt ion.  The next c x p c r i m n t s  w i l l  covet t h e  

e f f e c t s  of e l e c t r i c  f i . . l d s  and o the r  gascs on ZnO conduc t iv i ty ,  

_I---- Other k i t v i t i e s  i n  t h e  Laboratory Rclated-_to t h i s  program 

il s tudy  of s t r e s s  co r ros ion  of uranium - 10'L molybdenum has been 

underway f o r  t h e  p a s t  10 months. 'ITlie program Fs supportcd by t h e  I'. 2 .  Anny 

Aberdeen Proving Ground as  Contract: ; D~~-lS-C)Ol-~~..S.IC-l063(:r). G - l O X  Yo i s  

s t r e s s  corroded by oxygen and nuch of our  exper iencc  w i t h  a lpha  brass has 

been  a p p l i c a b l e  t o  U-lOX, fb. 

Xcsul t s  t o  d a t e  i n d i c a t e  tha t  d i s l o c a t i o n  uiotion under app l i ed  

stress is  t h e  nlajor factor i n  stress corrosior t  crsclcing of LJ-lOL :*!a by 

oxygen. Some p rogres s  i n  improving the .Xi: r e s i s t a n c e  of U-10% ?b has been 

inade. .Jc are now in the stage of cxtemling the  expcrimcnts  on controlLcd 

s u r f a c e  deformation to lar2:er specimens. 

k c o n t r a c t  ( J P L  No. 951560) f o r  dcve lopm~nt  o f  2 f i e l d  i o n i z a t i o n  

source  f o r  a n a s s  spectrometer  has  been rece ived  irorn Jl'L. This c o n t r a c t  
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is  d i r e c t l y  r e l a t e d  t o  the  o b j e c t i v e  of .;s(;-458 e s p e c i a l l y  s i n c e  the r e c e n t  

work of Deckey i n d i c a t e s  t h a t  d i f f e r e n t  isomers of hydrocarbon compounds 

( i . e . ,  1 v s  2 hexene, CgI112) of equal  molecular weight (and e/m r a t i o )  may 

be s e p a r a t e d  by t h e i r  behavior i n  a l iel i t  ionization systerr.. 

The J P L  c o n t r a c t  has added some iniporiant and expensive p i e c e s  of 

appa ra tus  t o  the  l a b o r a t o r y  s t o c k  and ha; brought us  i n t o  c l o s e  connect ion 

w i t h  a major NASA c o n t r a c t o r .  The f i e l d  ion Souice has been o p e r a t i n g  w i t h  

t h e  Ul t ek  quadrupole mass spectrometer a n d  one of t he  f i r s t  spectrums i s  

shown i n  Fig.  1 2 .  

f o r  improvement, bu t  t o  t h e  b e s t  of ou r  knowledge t h i s  i s  the  f i r s t  such 

spectrum ob ta ined  wi th  f i e l d  ionized ions  and a quadrupole mass spectrometer .  

iJe have i n  t h e  p a s t  discussed coope ra t ive  work wi th  t h e  Un ive r s i ty  

Lunar and P l a n e t a r y  Laboratory.  This work is  cont inuing,  t h e  s t u d i e s  of ion 

bombardment of s imulated luna r  s o i l s  have been f i n i s h e d  and a r e p o r t  is  i n  

p r e p a r a t i o n  by LPL personnel.  Studies of the mel t ing  of v o l c a n i c  rocks  

under vacuum c o n d i t i o n s  are s t i l l  underway. Evidence has  i n d i c a t e d  t h a t  

t h e s e  vacuum melted rocks are s i m i l a r  i n  illany ways to t h e  s u r f a c e  s t r u c t u r e  

of t h e  moon. 

The gas was N2 + A  and the  r e s o l u t i o n  l eaves  much room 

he a r e  coope ra t ing  wi th  D r .  Aden B. hleinel, D i r e c t o r  of the 

U n i v e r s i t y  O p t i c a l  S tud ie s  Program, on experiments t o  develop improved 

a s t ronomica l  o p t i c a l  d e t e c t o r s .  This i s  a n a t u r a l  ad junc t  t o  t h e  o t h e r  

s u r f o c e  s t u d i e s  underway s i n c e  c e r t a i n  o p t i c a l  d e t e c t o r s  (phototubes)  are 

dependent upon s u r f a c e  phenomena. 

Pk. Greg 2mith j o i n e d  u s  i n  September, 1966, as a 2h.D. cand ida te  

i n  E l e c t r i c a l  Engineering. He lias begun s t u d i e s  of p h o t o e l e c t r i c  s u r f a c e s  

w i t h  a view toward i n c r e a s i n g  t h e  s e n s i t i v i t y  and lowering the  energy 
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t h r e s h o l d  f o r  emission. Support from the  &.stronumy Department and t h e  

Un ive r s i ty  NASA Grant has allowed this program t o  proceed without problems. 

A c a p a b i l i t y  i n  o p t i c a l  techniques will give  us another  method f o r  inves- 

t i g a t i o n  of sur f  ace p r o p e r t i e s  of n:ater ia ls .  

Some results of this program have appeared and a r e  listed") i n  

the ?ut> 1 i c  a t  ions Sec t ion.  
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F i e l d  Emission and Space 3ysterns Laboratory 

Departnwnt of Z l c c t r i c a l  Engineer ing 
The Univers i ty  of Arizona 

Tucson, Arizona E5721 

In t roduc t ion  

The gene ra t ion  of p o s i t i v e  ion c u r r e n t s  by heated metals was r epor t ed  

( 1 )  many y e a r s  ago . The ions  have been shown(2) t o  be due  i n  some cases t o  

r e s i d u a l  Na and K i n  the  metal. The magnitude of ttic ion  c u r r e n t  i n  c e r t a i n  

c a s e s  i s  known t o  depend upon the  presence of s p e c i f i c  ambient gases . (3 )  

It has been ~ u g g e s t c d ' ~ )  t h a t  t h i s  a l k a l i  ion  c u r r e n t  i s  r e spons ib l e  

for some, i f  no t  a l l ,  of tile a l k a l i  contandnat ion o5scrved i n  !%!OS F i e l d  E f f e c t  

T r a n s i s t o r s .  (Hot tungs ten  o r  molybdenum wires are used to  evapora te  the  

aluminum t o  form the  ga t e . )  

Exper irnent s 

To observe the ion  c u r r e n t  the s imple appara tus  of Fig, 1 was se t  

up. The f i e l d  p l a t e s  shown i n  Fig.  1 were used  t o  i n v e s t i g a t e  t h e  d e f l e c t i o n  

of i ons  emi t ted  by t h e  hot  f i l ament  . ( 5 )  

I n  the  f i r s t  experiment,  t h e  f i e l d  p l a t e s  were unbiased, t h e  tung- 

s t e n  was heated t o  119OoC ( o p t i c a l  pyrometer, c o r r e c t e d  f o r  e m i s s i v i t y )  and 

t h e  p o s i t i v e  ion  c u r r e n t  t o  tlie c o l l e c t o r  was observcd for some twenty houre.  

The c u r r e n t  decreased monotonically but  a t  t he  end of twenty hours  s i g n i f i -  

c a n t  c u r r e n t s  (i.e., 1.3 10 amps/cmL') were s t i l l  observed. A t y p i c a l  
-8  '? 

- 
Lupportcd by the  Nat ional  Aeronaut ics  and Space Atlminis t ra t ion 
under Grant NsG-453. 
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c u r r e n t - t i n e  p l o t  i s  shown i n  F ig .  . I ,  t cs t s  a t  e t h e r  teniperaturzs  iud ica t ad  

t h a t  t h e  i o n  c u r r e n t  i s  c e n t r o l l e d  by the  di . f fusion of the  a l k a l i  ions  i n  

t h e  f i l amen t .  Experiments were run  w i t h  o t h e r  t ungs t en  and molybdenum 

f i l a m e n t s ;  i n  all r e s p e c t s  t h e i r  behavior  was s in i i l a r  t o  rhd t  i n  P ig .  2 .  

IR t h e  next  cxperirnent t h e  f i e l d  p l a t e s  shown i n  F ig .  1 were 

b ia sed  and t h e  dec rease  i n  c o l l e c t o r  c u r r e n t  observed. For a 250 v o l t  f i e l d  

p l a t e  bias (corresponding t I a l inear  f i e l d  of 6 6  vol t s /cm)  t h e  ion  c u r r e n t  

f e l l  tnimediately t o  some IO-'' amps and Lstien r o s e  s lowly  t o  3 * lom9 ariips/cm;i 

and thcn  remained e s s e n t i a l l y  c o n s t a n t  wi th  t i m e .  This  i s  shown i n  Fig.  3 

where t h e  d a t a  has  been c o r r e c t e d  t o  be  comparable w i t h  t h e  ea r l i e r  expe r i -  

lllents. 

A t  a l l  f i e l d  p l a t e  v o l t a g e s  this t y p i c a l  s a t u r a t i o n  e f f e c t  was 

observed.  idken t h e  v o l t a g e  was appl ied  the  i o n  c u r r e n t  f e l l  t o  t h e  no i se  

level, then r o s e  s lowly eo some va lue  below t h a t  observed a t  ze ro  f i e l d .  

The e f f e c t  was small a t  250 v o l t s  b u t  i t  can  be seen  i n  Tig.  2 .  i e  sugges t  

t h a t  a t  ze ro  f i e l d  t h e  ion  c u r r e n t  is p a r t i a l l y  conc ru l l cd  by a c loud  of 

p o s i t i v e  ions around the  f i l amen t .  If a b i a s  is a p p l i e d  t o  t h e  f i e l d  p l a t e s ,  

s o w  of t h e  ions  a r e  drawn off, lowering t h e  c o l l e c t e d  i o n  curreric. The 

d i f f u s i o n  of i ons  to t h e  s u r f a c e  of t h e  f i l a m e n t  then  begins  t o  i n c r e a s e  and 

t h e  c o l l e c t e d  i o n  c u r r e n t  i n c r e a s e s  concurren t ly .  One might cons ide r  t h i s  

as  a t y p i c a l  s a t u r a t i o n  c u r r e n t  problem somewhat l i k e  those  observed i n  h o t  

cathode vacuum tubes.  

Conc l u s i o n s  

The p o s i t i v e  ion  c u r r e n t  f rom a ho t  f i l a n e n t  m y  be reduced by 

h e a t i n g  the  f i l amen t  f o r  a long t i m e  t o  remove the  i n p u r i t i e s  o r  by simply 

app ly ing  a t r a n s v e r s e  e l e c t r i c  f i e l d  t o  keep t h e  ions  from t h e  s u b s t r a t e .  
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The f i e l d  does not: a f f e c t  the flow of n e u t r a l  aluminum atoms. (A1 has a n  

i o n i z a t i o n  p o t e n t i a l  of 5.9 ev and is not  ion ized  on hot meta ls  t o  any 

appreciab le degree.  ) 

Systcni i lcsign 

Sca l ing  up tile systcni of Fig. 1 should p r e s e n t  no problems, t he  

h ighes t  cnergy ions  w i l l  have no more than a feu ev of energy i f  t h e  f i l a -  

ment i s  D . C .  ground. IIowever, t h e  des igner  should be  aware t h a t  ho t  

f i l a m e n t s  a r c  copious emitters of e l e c t r o n s  and t h a t  any i n s u l a t i n g  o r  un- 

grounded s u b s t r a t e  w i l l  t h e r e f o r e  acqu i r e  a nega t ive  charge.  T h i s  may i n  

t u r n  i n c r e a s e  the  flow of p o s i t i v e  ions t o  t!lc s u b s t r a t e .  An Electron-Ion-  

S u b s t r a t e  e f f e c t  of t h i s  type may exp la in  some of t h e  v a r i a t i o n s  i n  a l k a l i  

contaminat ion observed i n  device  production. 

This  s tudy was p a r t  of a long term program on t h e  s u r f a c e  phenome- 

na of metals and semiconductors i n  va r ious  environments. 



A- 4 

1. I. Langmuir 
h o c .  Roy. SOC. 137, 6 1  (1924), 
Phys. Rev. 21, 330 (1923)  

2 .  L. I-. h i t h  
khys .  Rev. 
34, 1493 (1929) 

R. E.  Ninturn e t  a l .  
J. Appl.  khys. 
- 31, No. 5, 876-9 (1950) 

3 .  5, A. Hoenig, C. i t / .  Carlson, J. Abrardowitz 
Rev. Sci .  Iristr. - 38, No. 1, 92-4 (1367) 

4. P r i v a t e  communication, D r .  Lowell Clark 
b t o r o l a  Semiconductor Products,  Phoenix, Arizona 

5. M r .  James E’ayne constructed the apparatus and ran most oE t h e  
experiments. i i i s  h e l p  i s  g r a t e f u l l y  acknowledged. 



-7 7 

J . -- . . . - 

/ 
1 1  -y A 

+ 
l ? 4  I :., , 

h e a t e r  cur re:: t 



3 .\, '- - - , ' P  
I '3 x I d  c . / I  I 

I 

UL AT 

I 
i 
'd r( 
A -' 

, 

// 

I 

' i  

I 

i 

FIG. 1 


